The temporomandibular joint (TMJ) is an intricate structure composed of the mandibular condyle, articular disc, and glenoid fossa in the temporal bone. Apical condylar cartilage is classified as a secondary cartilage, is fibrocartilaginous in nature, and is structurally distinct from growth plate and articular cartilage in long bones. Condylar cartilage is organized in distinct cellular layers that include a superficial layer that produces lubricants, a polymorphic/progenitor layer that contains stem/progenitor cells, and underlying layers of flattened and hypertrophic chondrocytes. Uniquely, progenitor cells reside near the articular surface, proliferate, undergo chondrogenesis, and mature into hypertrophic chondrocytes. During the past decades, there has been a growing interest in the molecular mechanisms by which the TMJ develops and acquires its unique structural and functional features. Indian hedgehog (Ihh), which regulates skeletal development including synovial joint formation, also plays pivotal roles in TMJ development and postnatal maintenance. This review provides a description of the many important recent advances in Hedgehog (Hh) signaling in TMJ biology. These include studies that used conventional approaches and those that analyzed the phenotype of tissue-specific mouse mutants lacking Ihh or associated molecules. The recent advances in understanding the molecular mechanism regulating TMJ development are impressive and these findings will have major implications for future translational medicine tools to repair and regenerate TMJ congenital anomalies and acquired diseases, such as degenerative damage in TMJ osteoarthritic conditions.
Introduction
The temporomandibular joint (TMJ), like joints in the shoulder, hip, and knee, is a highly specialized synovial joint and plays a pivotal role in the functioning of the mammalian jaw [1] [2] [3] [4] [5] . The TMJ consists of the glenoid fossa in the temporal bone, a condylar head of the mandible, and a fibrocartilaginous articular disc intervening between the fossa and condyle ( Figure 1A ). Condylar cartilage, unlike the cartilage present in developing limbs, is classified as secondary cartilage, undergoes endochondral ossification, and displays characteristic developmental and growth processes [6, 7] . In mammalian embryos, the first overt sign of mandibular condylar development is the appearance of a neural crest-derived cell condensation at the supra-lateral site of the jaw anlagen. The condensation is likely of the periosteal origin within the jaw anlagen [8] or may derive from a separate distinct condensation [9, 10] . At this early stage, there is no obvious sign of an intervening articular disc primordium. The condylar condensation differentiates into cartilage and forms a growth plate-like structure, which displays the characteristic zonal organization, consisting of fibroblasts, chondroprogenitor cells, and chondrocytes, along its main axis. These layers are characterized by differences in cell shape and properties and are designated (from the surface): (1) superficial cell layer, (2) fibrous/polymorphic progenitor cell layer, (3) zone of flattened chondrocytes, and (4) zone of hypertrophic chondrocytes ( Figure 1B) [11] [12] [13] .
In embryos, the condyle undergoes rapid growth and elongation toward the differentiating temporal bone. Interestingly, the longitudinal growth of the condyle during embryonic and postnatal life primarily results from appositional growth at its apical end, where chondro-progenitor cells residing in the polymorphic cell layer proliferate and differentiate into chondrocytes that in turn become incorporated into the underlying condylar cartilage. Hence, condylar cartilage functions as a growth site of the developing mandibular bone. Therefore, condyle elongation differs from that taking place in other developing skeletal elements, such as long bones or cranial base synchondroses, in which elongation is contributed to by mitotic activity of chondrocytes within the growth plates. With time, the newly differentiated condylar chondrocytes undergo maturation and hypertrophy and are eventually replaced by endochondral bone connecting to the condylar process [14] [15] [16] [17] . A recent study indicated that a small number of chondrocytes may directly differentiate into osteoblasts and form the underlying subarticular bone of the condyle [18] .
The development of the articular disc initiates with the formation of a separate flat-shaped ecto-mesenchymal cell condensation located between the developing condylar apex and the glenoid fossa of the temporal bone [19] . With time, the articular disc primordium becomes apparent by the creation of upper and lower articular cavities filled with synovial fluid. The disc subsequently develops into a fibrocartilage structure displaying (1) a biconcave shape with thicker peripheral portions (designated as anterior and posterior bands, respectively) and attaching to the TMJ capsules or the lateral pterygoid muscle and (2) a relatively thin central portion-intermediate zone [19, 20] . The TMJ disc and joint cavities enable the condyle to rotate and translate along the glenoid fossa and eminence of the temporal bone during TMJ function.
Although the general development of condyles and articular discs in the TMJ is well understood, comparatively little is known regarding the molecular mechanisms controlling glenoid fossa formation. The glenoid fossa of the temporal bone derives from cranial neural crest cells [4, 21, 22] . Compared to the articular surface of the mandibular condyle, the articular surface of the glenoid fossa is quite distinct: sporadically distributed chondrocyte progenitors display less proliferative activity and hypertrophic chondrocyte synthesize very little, if any, cartilage matrix [23] . As taking place in developing condylar cartilage, chondrocytes differentiate amongst type I collagen (Col I)-expressing mesenchymal cells in a presumptive articulating layer covering the temporal bone where the condyle articulates, exhibiting features of secondary cartilage-like condylar cartilage [24, 25] . With time, these chondrocytes undergo endochondral ossification, become entrapped in the intramembranous bony matrix of the temporal bone, and form chondroid bone. Absence or dislocation of the condyle results in arrested glenoid fossa development, suggesting that proper signals and/or mechanical stimulation by the condyle are required to sustain proper glenoid fossa development [26] .
Indian hedgehog (Ihh), a member of the Hh family of signaling molecules, is widely recognized as a critical regulator of skeletal development [27] [28] [29] [30] . Ihh is expressed in prehypertrophic and early hypertrophic chondrocytes of the developing growth plate [31, 32] and regulates a number of processes including (1) intramembranous bone collar formation [32] [33] [34] , (2) chondrocyte proliferation and maturation rate [35] , (3) expression of parathyroid hormone-related protein (PTHrP) in periarticular tissue [36] , and (4) endochondral ossification [37, 38] . Binding of Ihh to Patched1 (Ptch1), its 12-pass transmembrane receptor, leads to the displacement of Ptch1 from primary cilium, an organelle that bulges from the cell surface. This allows Smoothened (Smo), a 7-pass transmembrane receptor, to be phosphorylated and activate glioma-associated oncogene (Gli) proteins, a family of zinc-finger transcription factors that include Gli1, Gli2, and Gli3. In the absence of Hh ligands, Ptch1 localizes at the base of the primary cilia, preventing Smo from activating the cilium [39] [40] [41] [42] [43] [44] [45] . Under these conditions, Gli2 and Gli3 are subjected to proteolytic cleavage to generate C-terminal truncated forms that repress the transcription of Hh target genes [46] [47] [48] , whereas GLi1, due to a lack of the protein kinase A recognition site necessary for phosphorylation and subsequent cleavage, is thought to function exclusively as an activator [49] [50] [51] . Studies utilizing Ihh-null mouse embryos have provided not only conclusive evidence that Ihh plays multiple roles in long bone development, but also regulates synovial joint formation [1, 37, 52, 53] . The digits of Ihh-mutant embryos remain uninterrupted, while heterozygous or wild-type littermates displayed obvious joints. Despite the remarkable nature of these observations and their potentially fundamental implications for other joints in the body, it has remained largely obscure, until quite recently, how Ihh regulates TMJ joint formation, growth, and maintenance [4, 54] .
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Recent Experimental Findings

Abnormal TMJ Development in Ihh-Null Mice at Embryonic and Early Postnatal Life
It is well established that Indian hedgehog (Ihh) signaling is essential for early axial and appendicular skeletal development [35] [36] [37] 55] . Thus, initial analyses were carried out in skulls from 
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Abnormal TMJ Development in Ihh-Null Mice at Embryonic and Early Postnatal Life
It is well established that Indian hedgehog (Ihh) signaling is essential for early axial and appendicular skeletal development [35] [36] [37] 55] . Thus, initial analyses were carried out in skulls from embryonic and newborn (P0) wild-type mice and their corresponding Ihh −/− littermates. Wild-type mandibles exhibited their typical elongated morphologies and much of the mandibular body was ossified and stained with alizarin red (Figure 2A ). The condylar process (co) was prominent and its most apical region contained a typical cartilaginous condyle ( Figure 2B ). The outer surface of the central and basal regions of the condylar process was surrounded by newly differentiated intramembranous bone ( Figure 2B ). The angular process (ap), where secondary cartilage develops at the apical end, was prominent as well ( Figure 2A ). In corresponding Ihh −/− littermates, the overall length of the mandibular body was reduced as much as 30% and other components, including the condylar process, condyle cartilage, and angular process (ap), were all affected ( Figure 2C,D) .
Detailed histological examination revealed additional structural defects and cellular derangement in Ihh mutant TMJs. E15.5 wild-type condyle anlagen contained chondrocytes in their central portions that were circumscribed by a distinct mesenchymal condensation corresponding to disc primordium. By E18.5 to newborn, a complete disc along with upper and lower cavities had formed ( Figure 2E , single and double arrows in the right side panel), while condylar chondrocytes displayed typical growth plate-like zonal organization, including a superficial (sf ) layer, a polymorphic (pm)/chondro-progenitor layer, a flattened chondrocyte (fc) layer, and hypertrophic chondrocyte (hc) layer ( Figure 2E ). In Ihh −/− embryos, condylar chondrocytes were also present by E15.5, but, strikingly, the disc primordium was absent or not discernable. The absence of disc and joint cavities was evident at E18.5 ( Figure 2F ), such that the condyle directly opposed the glenoid fossa (gf ). In addition, most of the mutant chondrocytes had undergone hypertrophy by E18.5 with a concurrent reduction in thickness of both the flattened chondrocyte layer (fc) and polymorphic (pm) layer ( Figure 2F ). Interestingly, while some phenotypic defects caused by Ihh deficiency are rescued by the concurrent absence of Gli3 in developing limbs [56] , the disc phenotype of Ihh −/− mutants was not rescued in double Ihh −/− ;Gli3 −/− mutants, suggesting unique functions of Ihh in the TMJ [11] . Abnormal formation of the mandibular condyle, articular disc, and joint cavity are also reported in mice carrying mutations in genes (1) directly involved in hedgehog signaling (Smo, Glis) [57, 58] , (2) that interact with the hedgehog signaling pathway (Trps1) [59] , or (3) that reduce or eliminate Ihh expression (Shox2, Sox9) [22, 26] . Yang et al. reported that augmented Ihh signaling in cranial neural crest cells caused severe craniofacial abnormalities, including TMJs, where the glenoid fossa was completely absent [60] . Notably, human patients carrying mutations in Gli2 exhibit a range of facial defects, including mandibular hypoplasia [4, 61] . Thus, these observations provide strong evidence that Ihh signaling dictates the cellular organization of the condyle and regulates disc formation and subsequent joint cavitation.
Several lines of evidence indicate that Ihh and PTHrP interact in a negative feedback loop and regulate the onset of chondrocyte hypertrophy in developing long bones [35, 36, 55] . In the current model, Ihh expressed in prehypertrophic/early hypertrophic chondrocytes signals to the periarticular region and early proliferative chondrocytes at the top of growth plate cartilage to induce PTHrP expression. PTHrP in turn acts on PTHrP receptor-expressing chondrocytes to maintain them in a proliferating and less differentiated state. In developing condylar cartilage, PTHrP is expressed in the superficial and fibrous/chondroprogenitor cells at the apical region of wild-type condylar cartilage by E17.5 ( Figure 2G ). Importantly, PTHrP expression was drastically reduced or absent in corresponding cell populations in condylar cartilage in Ihh −/− embryos ( Figure 2H ). Given the fact that the number of proliferating chondroprogenitor cells was drastically decreased (ca. 50%) and chondrocytes underwent accelerated hypertrophy in Ihh −/− condyles, it is likely that PTHrP induced by Ihh signaling may (1) regulate the proliferation of chondro-progenitor cells and (2) maintain newly differentiated chondrocytes in a less differentiated stage.
Recent studies have suggested that Ihh also acts on chondrocytes to increase rates of proliferation and hypertrophy in a PTHrP-independent manner [62, 63] . Expression of PTHrP significantly decreases in the apical region of early postnatal wild-type condyles and is nearly undetectable in juvenile condyles, while chondro-progenitors are still proliferating. Thus, the Ihh-PTHrP feedback loop appears to function primarily during embryogenesis and early postnatal life, while Ihh signaling in juvenile and early adult mice may govern proliferation of chondroprogenitor cells and chondrocyte maturation in a PTHrP-independent manner. Since Ihh −/− mice die during embryogenesis or soon after birth, the role(s) that Ihh plays in TMJ growth and maintenance should be investigated using alternative approaches, such as conditional gene knockout techniques employing appropriate inducible Cre mouse lines. Conditional PTHrP and compound PTHrP/Ihh mutant mice may provide new insights into this important and intriguing area of research. Taken together, studies in embryonic and early postnatal Ihh-mutant mice suggest that Ihh is essential for the coordination of (1) intramembranous bone collar formation, (2) progenitor cell proliferation, (3) expression of PTHrP in periarticular tissues, (4) endochondral ossification, and (5) disc and synovial cavity formation. Taken together, studies in embryonic and early postnatal Ihh-mutant mice suggest that Ihh is essential for the coordination of (1) intramembranous bone collar formation, (2) progenitor cell proliferation, (3) expression of PTHrP in periarticular tissues, (4) endochondral ossification, and (5) disc and synovial cavity formation. 
Role of Ihh in TMJ Growth and Maintenance during Postnatal Stages
Cellular Organization of Condylar Cartilage in Postnatal Stages
The apical layer in developing and adult condyles contains superficial cells producing Proteoglycan 4 (Prg4) and polymorphic cells that display stem cell-like characteristics [64] . Polymorphic cells give rise to chondrocytes for condylar growth and play a role in homeostasis and/or remodeling of condylar cartilage in response to mechanical stress [65, 66] . Condylar cartilage length along its longitudinal axis in mice was ca. 470 μm at newborn stages and decreased to ca. 120 Note the absence of the articular disc tissue (disc), the upper joint cavity (arrow), and the lower joint cavity (double arrow). TMJ parasagittal serial sections from E17.5 of (G) wild-type (WT) and (H) Ihh −/− were processed for in situ hybridization with isotope-labeled riboprobe for PTHrP. co, condyle; co, coronoid process; ap, angular process; gf, glenoid fossa. Figure modified 
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The apical layer in developing and adult condyles contains superficial cells producing Proteoglycan 4 (Prg4) and polymorphic cells that display stem cell-like characteristics [64] . Polymorphic cells give rise to chondrocytes for condylar growth and play a role in homeostasis and/or remodeling of condylar cartilage in response to mechanical stress [65, 66] . Condylar cartilage length along its longitudinal axis in mice was ca. 470 µm at newborn stages and decreased to ca. 120 µm by 1 month, a thickness maintained through adulthood ( Figure 3A,E) . Condylar head width along the mediolateral axis was about 150 µm at newborn stages, increased to about 500 µm by 1 month, and remained so thereafter ( Figure 3A ,E). Subchondral bone plate (sb) was fully formed by 3 months of age, supporting articular cartilage ( Figure 3E , bracket). Histomorphometric and in situ hybridization analyses revealed that the superficial/polymorphic (sf /pm) layers positive for fast green staining and less so for Safranin-O were characterized by the lack of type II collagen (Col-II) expression ( Figure 3C,D) . The thickness of superficial/polymorphic layers was ca. 50 µm at the newborn stage, became almost 3 times thinner (ca. 15 µm) by 3 months, and remained so thereafter ( Figure 3F,G) . Clearly, development, growth, and homeostasis of condylar cartilage during postnatal stages involve a dynamic structural organization of the apical layer (superficial and polymorphic-progenitor layers), whereby chondro-progenitor cells and their progeny cells provide newly differentiated chondrocytes to condylar articular cartilage. μm by 1 month, a thickness maintained through adulthood ( Figure 3A ,E). Condylar head width along the mediolateral axis was about 150 μm at newborn stages, increased to about 500 μm by 1 month, and remained so thereafter ( Figure 3A ,E). Subchondral bone plate (sb) was fully formed by 3 months of age, supporting articular cartilage ( Figure 3E , bracket). Histomorphometric and in situ hybridization analyses revealed that the superficial/polymorphic (sf/pm) layers positive for fast green staining and less so for Safranin-O were characterized by the lack of type II collagen (Col-II) expression ( Figure 3C,D) . The thickness of superficial/polymorphic layers was ca. 50 μm at the newborn stage, became almost 3 times thinner (ca. 15 μm) by 3 months, and remained so thereafter ( Figure 3F,G) . Clearly, development, growth, and homeostasis of condylar cartilage during postnatal stages involve a dynamic structural organization of the apical layer (superficial and polymorphicprogenitor layers), whereby chondro-progenitor cells and their progeny cells provide newly differentiated chondrocytes to condylar articular cartilage. 
Topography of Hedgehog Signaling
Expression of Hh target genes in the condylar cartilage has been investigated to determine whether Hh signaling acts directly or indirectly on joint formation and maintenance in postnatal mice. Ihh transcripts were restricted to the prehypertrophic and early hypertrophic chondrocytes ( Figure 4A,B) . Interestingly, expression of Ptch1, a hedgehog receptor and transcriptional target, exhibited a gradient of expression, with relatively low expression levels in the central chondrocyte area of the condyle and higher levels toward the flattened chondrocyte (fc), polymorphic (pm), and superficial (sf) layers and articular disc (di) ( Figure 4A,C) . To determine the actual range of Ihh bioactivity, heterozygous Gli1-nLacZ embryos, widely used as a functional readout of hedgehog 
Expression of Hh target genes in the condylar cartilage has been investigated to determine whether Hh signaling acts directly or indirectly on joint formation and maintenance in postnatal mice. Ihh transcripts were restricted to the prehypertrophic and early hypertrophic chondrocytes ( Figure 4A,B) . Interestingly, expression of Ptch1, a hedgehog receptor and transcriptional target, exhibited a gradient of expression, with relatively low expression levels in the central chondrocyte area of the condyle and higher levels toward the flattened chondrocyte (fc), polymorphic (pm), and superficial (sf ) layers and articular disc (di) (Figure 4A,C) . To determine the actual range of Ihh bioactivity, heterozygous Gli1-nLacZ embryos, widely used as a functional readout of hedgehog signaling activity, were investigated [67, 68] . β-galactosidase activity was detectable over much of the growing condylar cartilage (co), the coronoid process (cp), and the angular process (ap) ( Figure 4D ) in postnatal day 1 (P1) condyles after processing for whole mount β-galactosidase staining, but was stronger over the entire apical layer of condyles and glenoid fossa ( Figure 4F ,G) in 8-week-old mice. β-galactosidase activity was also detected in cells lining the disc, with a tendency of β-galactosidase-positive lining cells being more abundant in those facing the lower, rather than upper, joint cavity ( Figure 4F ). The significance of hedgehog signaling maintained in the postnatal disc cells and the glenoid fossa apical cells needs to be elucidated. These studies indicate that Ihh signaling is active in condylar chondro-progenitors, superficial cells, and disc cells even postnatally, and is likely to influence those cells through life. signaling activity, were investigated [67, 68] . β-galactosidase activity was detectable over much of the growing condylar cartilage (co), the coronoid process (cp), and the angular process (ap) ( Figure 4D ) in postnatal day 1 (P1) condyles after processing for whole mount β-galactosidase staining, but was stronger over the entire apical layer of condyles and glenoid fossa ( Figure 4F ,G) in 8-week-old mice. β-galactosidase activity was also detected in cells lining the disc, with a tendency of β-galactosidasepositive lining cells being more abundant in those facing the lower, rather than upper, joint cavity ( Figure 4F ). The significance of hedgehog signaling maintained in the postnatal disc cells and the glenoid fossa apical cells needs to be elucidated. These studies indicate that Ihh signaling is active in condylar chondro-progenitors, superficial cells, and disc cells even postnatally, and is likely to influence those cells through life. 
Effect of Conditional Ihh Signaling Ablation in Postnatal Stages
As noted above, expression of Hh target genes and β-galactosidase activity in hedgehog reporter mice indicated that an Ihh signaling gradient across the condylar cartilage may contribute to cell function in the progenitor layer and zonal organization in postnatal condylar cartilage. Genetic studies in mice have provided experimental evidence for the significance of Ihh signaling in postnatal TMJ maintenance. To ablate Ihh expression in condylar cartilage in the postnatal period, an Aggrecan (Agc) CreER mouse line was employed [70] (Figure 5A ). Compound Ihh f/f ;Agc-CreER;Gli1-nLacZ, and control (Ihh f/f ;Gli1-nLacZ) mice received tamoxifen injections at P14, P21 and P28, and Cre-mediated recombination and subsequent inactivation of Ihh signaling were confirmed by a significant decrease of Gli1-nLacZ-positive cells in the condylar cartilage. Mutant condylar cartilage displayed decreased numbers of superficial cells and proliferating chondro-progenitor cells and ectopic chondrocyte hypertrophy observed near the articular surface by 3 months old ( Figure 5D , arrowhead and double arrowhead, respectively). By 5 months old, µCT analysis revealed that mutant subchondral bone became porous ( Figure 5E ), leading to decreased bone volume fraction and increased trabecular spacing compared to age-matched controls ( Figure 5C ). It is likely that decreased Hh signaling is associated with age-related TMJ degenerative changes [66, 71] . In senescence-accelerated-prone 8 (SAMP8) mice, which develop early osteoarthritis-like changes in synovial joints at a high frequency [72] , condylar cartilage in young SAMP8 mice displayed early-onset degenerative changes, concomitant with reductions in superficial/chondro-progenitor cells, proteoglycan/collagen content, and Ihh-expressing chondrocytes [66] . These data clearly demonstrate that Ihh signaling is essential for condylar superficial/progenitor cell layer development and function in postnatal condylar cartilage of TMJs, and its ablation and/or decreased expression in juvenile mice leads to degenerative changes in TMJ condyles, manifesting abnormal chondrocyte maturation and subchondral bone formation in the condyle. 
As noted above, expression of Hh target genes and β-galactosidase activity in hedgehog reporter mice indicated that an Ihh signaling gradient across the condylar cartilage may contribute to cell function in the progenitor layer and zonal organization in postnatal condylar cartilage. Genetic studies in mice have provided experimental evidence for the significance of Ihh signaling in postnatal TMJ maintenance. To ablate Ihh expression in condylar cartilage in the postnatal period, an Aggrecan (Agc) CreER mouse line was employed [70] (Figure 5A) . Compound Ihh f/f ;Agc-CreER;Gli1-nLacZ, and control (Ihh f/f ;Gli1-nLacZ) mice received tamoxifen injections at P14, P21 and P28, and Cre-mediated recombination and subsequent inactivation of Ihh signaling were confirmed by a significant decrease of Gli1-nLacZ-positive cells in the condylar cartilage. Mutant condylar cartilage displayed decreased numbers of superficial cells and proliferating chondro-progenitor cells and ectopic chondrocyte hypertrophy observed near the articular surface by 3 months old ( Figure 5D , arrowhead and double arrowhead, respectively). By 5 months old, μCT analysis revealed that mutant subchondral bone became porous ( Figure 5E ), leading to decreased bone volume fraction and increased trabecular spacing compared to age-matched controls ( Figure 5C ). It is likely that decreased Hh signaling is associated with age-related TMJ degenerative changes [66, 71] . In senescence-accelerated-prone 8 (SAMP8) mice, which develop early osteoarthritis-like changes in synovial joints at a high frequency [72] , condylar cartilage in young SAMP8 mice displayed early-onset degenerative changes, concomitant with reductions in superficial/chondro-progenitor cells, proteoglycan/collagen content, and Ihh-expressing chondrocytes [66] . These data clearly demonstrate that Ihh signaling is essential for condylar superficial/progenitor cell layer development and function in postnatal condylar cartilage of TMJs, and its ablation and/or decreased expression in juvenile mice leads to degenerative changes in TMJ condyles, manifesting abnormal chondrocyte maturation and subchondral bone formation in the condyle. 
Hh Signaling in Degenerative TMJs
Osteoarthritis (OA) is characterized by the chronic degeneration of various hard and soft tissues around the affected joints. Stress bearing joints of the body, such as the hip and knee, are most commonly affected, but the TMJ is affected as well. TMJ osteoarthritis alters the condylar and glenoid fossa cartilage, subchondral bone, articular disc, and the synovial membrane that, in turn, cause pain and dysfunctional jaw movement [12, [73] [74] [75] [76] . There are several contributing factors to TMJ OA inception and progression, including parafunction, occlusion, psychosocial aspects, trauma, and genetics.
Recent studies indicate that decreased lubrication is also associated with the initiation and progression of OA in patients as well as in rodent models after anterior cruciate ligament injury [77] [78] [79] [80] . Lubricin, a mucinous glycoprotein encoded by the proteoglycan 4 (Prg4) gene and a major component of synovial fluid, functions as both boundary lubrication and a chondro-protective agent in synovial joints [81, 82] . Patients with camptodactyly-arthropathy-coxa vara-pericarditis (CACP) fail to express PRG4 and subsequently develop polyarthropathy [83, 84] . Prg4-mutant mice develop OA-like phenotypes in synovial joints, implying that Prg4 may have important roles in joint maintenance [85, 86] . While TMJs in Prg4 −/− mice developed normally, mutant mice developed degenerative changes. Prg4-mutant mice exhibited hyperplasia in the glenoid fossa articular cartilage, articular disc, and synovial membrane as early as 2 weeks of age and osteoarthritic changes in articular cartilage of the glenoid fossa and condyle by 6 months, in which loss of proteoglycans, an increase in osteoclast activity, and subchondral bone loss were observed [24, 87] . Interestingly, these degenerative changes occurred earlier and were more severe than those in knee and hip joints, indicating that TMJs are more vulnerable to the loss of lubricin than other joints [87] . It has been reported that compound mutants of biglycan and fibromodulin, members of the small leucine-rich repeat proteoglycan family, display OA-like phenotypes in the knee joints much earlier than in TMJ [88] [89] [90] . Thus, these results suggest that synovial fluid plays an important role(s) in TMJ function and maintenance.
Osteophyte, a fibrocartilage-capped bonny outgrowth, is a hallmark radiographic feature of degenerative TMJ joint disease [91] . Joint instability likely contributes to osteophyte formation in the articular surface of the condyle and glenoid fossa. Compared to the development of OA in synovial joints of appendicular skeletal elements, the prevalence of osteophyte formation in TMJ OA is relatively rare. However, once developed, it causes various clinical symptoms and subsequently compromises joint function [92] . While Transforming growth factor β (TGFβ), Bone morphogenetic proteins (BMPs), Fibroblast growth factors (FGFs), or insulin-like growth factor-1 (IGF-1) have been detected in the developing osteophyte [93] [94] [95] [96] [97] , what causes osteophytes in TMJs remains obscure. Interestingly, Prg4 −/− mice exhibit increased osteophyte formation in the condylar cartilage and glenoid fossa with age ( Figure 6A, arrowhead) [25, 87, 98] . This study showed that expression levels of Ihh, Gli-1, Sox9, and Aggrecan (Agc) (the latter 2 genes are markers of chondro-progenitors and chondrocytes, respectively) increased in osteophytes developing in the affected glenoid fossa. Immunohistochemistry revealed that IHH was preferentially distributed in the peripheral cells of osteophytes and underlying chondrocytes ( Figure 6B ). Gli-1 transcripts were expressed in cells residing at the apical region of developing osteophytes ( Figure 6C ), indicative of Hh signaling activation as well as chondrogenesis taking place at this site. Expression of PTHrP and its receptor Pth1r was increased in Prg4 −/− glenoid fossa. In glenoid fossa cells in culture, Hh signaling stimulated chondrocyte differentiation and maturation, evaluated by increased chondrocyte proteoglycan synthesis and alkaline phosphatase activity, respectively, while treatment with hedgehog inhibitor, Hh Antag, prevented such maturation process [25] . In line with these results, data with Col2-CreER;Pth1r fl/fl ;Smo fl/fl mice suggest that inhibition of Ihh signaling in osteoarthritis-like TMJs prevents chondrocyte terminal differentiation through a Pth1r-dependent mechanism [99] . Further studies are warranted to determine the pathophysiology underlying activation of Ihh and PTHrP signaling in osteoarthritic TMJs. synthesis and alkaline phosphatase activity, respectively, while treatment with hedgehog inhibitor, Hh Antag, prevented such maturation process [25] . In line with these results, data with Col2-CreER;Pth1r fl/fl ;Smo fl/fl mice suggest that inhibition of Ihh signaling in osteoarthritis-like TMJs prevents chondrocyte terminal differentiation through a Pth1r-dependent mechanism [99] . Further studies are warranted to determine the pathophysiology underlying activation of Ihh and PTHrP signaling in osteoarthritic TMJs. 
Perspectives
While a number of studies have addressed the importance of the Hh signaling pathway in TMJ biology, there are many questions that remain unanswered.
First, data summarized in this review show long-range signaling of Ihh proteins during embryonic development and postnatal growth. However, the underlying molecular mechanisms regulating Ihh protein release from the cell surface need to be further clarified. Multiple studies indicate that such long-range signaling of hedgehog requires lipid modifications that promote the formation of multimeric complexes, the formation of which depends on the palmitoylation and addition of cholesterol to the N-terminal hedgehog fragments [100] [101] [102] . Heparan sulfate 
First, data summarized in this review show long-range signaling of Ihh proteins during embryonic development and postnatal growth. However, the underlying molecular mechanisms regulating Ihh protein release from the cell surface need to be further clarified. Multiple studies indicate that such long-range signaling of hedgehog requires lipid modifications that promote the formation of multimeric complexes, the formation of which depends on the palmitoylation and addition of cholesterol to the N-terminal hedgehog fragments [100] [101] [102] . Heparan sulfate proteoglycans (HSPGs) with which hedgehog proteins interact through their Cardin-Weintraub motif, could allow formation of hedgehog multimers, facilitating Hh protein oligomerization [103] [104] [105] [106] [107] . Following oligomerization, Hh proteins bind the membrane protein Dispatched (Disp) in a cholesterol-dependent manner and the combined action of Disp and Scube2, a secreted protein, release oligomerized Hh proteins from the cells [108] [109] [110] [111] . Studies suggest that the Golgi-associated N-sulfotransferase 1(Ndst-1), which catalyzes the sulfation of HSPG glycosaminoglycan chains, is critical for organogenesis [112] [113] [114] , including mandibular condyles and TMJ development, and allows HSPGs to exert their roles via regulation of Ihh signaling topography and action [112] [113] [114] .
Second, there is a critical need for in vivo and in vitro studies to further define interactions between Ihh and other signaling pathways that regulate postnatal morphogenesis and growth of TMJs. In mouse embryos, Ihh signaling promotes expression of PTHrP at the apical end of the presumptive condylar cartilage, which leads to increased numbers of presumptive chondro-progenitors [11, [35] [36] [37] . Notably, the size of the condylar cartilage in young adult mice, the length along anteroposterior and mediolateral axes, are about 3 times larger compared with prenatal mice [67] . As indicated above, the expression of PTHrP is high during embryogenesis and early postnatal life, but declines in juvenile mice. Thus, further studies are required to define the role of Ihh signaling during the growth and development of the TMJ and associated tissues in the presence and absence of PTHrP.
Third, the role(s) that altered Ihh signaling and associated pathways, such as primary cilia components, play in the degenerative changes that accompany osteoarthritis are not fully understood in the TMJ or synovial joints [25, 69, 98, 99, 115, 116] . For example, it has been observed that activation of Hh signaling leads to the induction of ectopic chondrocyte hypertrophy in degenerative articular cartilage [28, 115, 117] . Further, numerous studies have demonstrated that several signaling pathways, including TGFβ, BMP, IGF-1, and FGF, are up-regulated during osteophyte formation in synovial joints [93] [94] [95] [96] [97] . Interestingly, altered Hh and PTHrP signaling has been detected in osteophytes developing at the surface of the glenoid fossa and condylar cartilage [25] .
While there has been much progress defining the roles that different signaling pathways play during normal TMJ growth and development and the pathological changes giving rise to osteoarthritis, much remains to explored. Future studies need to define the interactions between multiple signaling pathways and determine how this 'crosstalk' directs TMJ morphogenesis and more broadly, bone and cartilage differentiation. The results from these studies will provide a solid basis leading to the development of new and novel approaches for repairing TMJ congenital anomalies and acquired degenerative damage resulting from osteoarthritic conditions. 
